The Structural Health Monitoring (SHM) in civil engineering faces several challenges. The main issue lies in defining a reliable and precise methodology of damage detection and localization in order to allow preventive maintenance or to enable the definition of repair actions. In this paper, a new methodology of SHM is proposed. Using Vibration-Based Damage Detection Methods (VBDDM), a damage detection and localization algorithm is elaborated and tested on a Finite Element Model (FEM) of an existing building. In a first case, the damage is introduced artificially by a local reduction of stiffness, while in the second case, the damage is calculated according to a real seismic signal from the italian L'Aquila earthquake. The advantages and disadvantages of each dynamic monitoring technique are discussed and the usefulness of the algorithm is highlighted.
Introduction
The monitoring and the assessment of structures, in order to ensure human and material safety, is a very important issue in civil engineering. There are several methods to evaluate the damage such as radiography, ultrasound or dynamic behaviour analysis. These techniques are called non-destructive methods or SHM techniques. The identification of the damage can be classified into 4 levels: Level 1: Detection of the damage, level 2: Localization of the damage, level 3: Quantification of the damage and level 4: Evolution of the damage [1] . SHM methods can be subdivided into two groups: local and global methods. Local methods concern small structures, and are mainly applied in the aeronautics and automotive fields. They are very efficient and very expensive [2] . Whereas, global methods concern large structures and are based on the study of their dynamic behaviour. They are also called Vibration-Based Damage Detection Methods (VBDDM) [3, 4] . Methods used in civil engineering are usually global methods [5] . When structures are damaged, their rigidity decreases as their damping increases. This results in a modification of the dynamic characteristics such as reduction of eigenfrequencies and modification of mode shapes. These changes are related to a modification in the physical properties. Thus, the monitoring of the dynamic characteristics of a structure between an initial state (undamaged state) and a final state (damaged state), represents a method of performance evaluation. This includes mostly the eigenfrequencies method (level 1), the Modal Assurance Criterion (MAC) (level 1), the Mode Shape Curvature (MSCM) method (level 2), the Curvature Damage Factor (CDF) (level 2) and the flexibility method (level 2) [6, 7] . Nonetheless, these techniques have several limitations. Over the last few years, the main issue has been the definition of a complete and precise monitoring methodology. Several studies worked on developing better sensors, improving signal-processing, applying existing techniques or developing new techniques [8] . However, the problem still lies in obtaining a good identification of dynamic characteristics and accurate correlation between their variations, the appearance of the damage and its location. This article presents a new methodology that simplifies the monitoring of civil engineering structures based on the methods mentioned above. By applying these methods following a precise order and taking into account the sensitivity, the simplicity and the SHM level of each method, a new detection and localization algorithm is defined. The goal of defining such an algorithm is to facilitate the implementation and integration of SHM techniques into permanent and independent monitoring system. The algorithm is evaluated on a numerical model of an existing building. The considered model is the 18-story Ophite tower located in Lourdes, France. The tower is permanently instrumented with 24-channel system and an acquisition station [9] . The numerical model was calibrated using the modal parameters (eigen frequencies, modes shapes and damping) identified in previous works [10] . Two cases of damage are considered. In the first case, the damage is introduced in the numerical model artificially by a local reduction of
with f denotes the eigenfrequency, i denotes the i th mode, u the undamaged state and d the damaged state. Variations of the eigenfrequencies depend on the position of the damage and its severity. In fact, the more severe the damage is, the greater the frequency drop is. For some modes, the damage placed on maxima of the mode shape curvature will produce the highest variations while, damage placed on inflection points of the mode shape curvature will not produce variations in eigenfrequency. For other locations of damage, the frequency shift will be proportional with the mode shape curvature of the vibration mode at that location [15] . In real life situations, the major disadvantage of this method is that damages are detected only when the shift of frequencies is of 5% or more. Shifts lower than 5% can be explained by phenomena not related to any damage such as hygrothermal effects [16] . The MAC method may be an alternative since it uses spacial informations (i.e. the mode shapes).
Modal Assurance Criterion (MAC) method
The MAC method is based on the comparison of two measurement series in order to define the correlation between them [17] . The mode shapes are affected by damages and their variations denote the presence of an anomaly in the structure. Thus, by applying the MAC criterion on the mode shapes of healthy and damaged structure, damages are detected in case of an incomplete correlation between them [18] . The MAC criterion is a matrix defined by Eq. (2) and the value of its component varies between 0 and 1. MAC jk takes the value 1 if the correlation is complete and takes the value 0 if there is no correlation at all. In this matrix, the most interesting values are those of the diagonal. They reflect the correlation between the mode shapes of the same mode. Any diagonal value less than 1 can be interpreted as a damage indication [19] .
where ψ [ ] u and ψ [ ] d denote respectively the mode shapes of the undamaged and the damaged structure. MAC , j k factor indicates the degree of correlation between the j th and the k th mode and n is the number of measurement nodes.
For low severity damage, corresponding to eigenfrequencies shift less than 5%, the MAC method indicates damage in higher order modes. These modes are more sensitive to the damage and are difficult to identify in real life situations [20] . Moreover, experimentally, in the case of two series of measurements on the same structure's state, the estimation of the mode shapes is not precise and the correlation is not complete. Several methods of Operational Modal Analysis (OMA) exist and allow the experimental identification of mode shapes such as Frequency Domain Decomposition (FDD) algorithm [21] . In the literature, the FDD algorithm is applied around a resonance peak in the Power Spectral Density (PSD) that represents an eigenfrequency. The mode shape is therefore calculated around this peak and MAC is used as a comparison criterion with mode shape computed from the analytical model. It is admitted that a good identification of mode shape is given for any diagonal value greater than 0.8 around the peak. This limit value is called the MAC rejection level [22] . Therefore, it would be necessary for the diagonal values to be less than 0.8 for damage to be detected with confidence.
Damage localization methods

Mode Shape Curvature Method (MSCM)
This technique is based on the relationship between the mode shape curvatures and the flexural stiffness.
where ″ ψ x ( ) denotes the mode shape curvature at location x M x , ( ) is the bending moment and EI is the flexural rigidity. According to Eq. (3), it can be seen that when the structure is damaged, its Young's modulus varies inducing a variation of the mode shape curvatures [7] . MSCM may be defined as the absolute difference in curvatures of the undamaged and the damaged state. It is computed as follows [23] :
with ″ ψ i denotes the mode shape curvature vector of the i th mode, u and d denote respectively the healthy and the damaged structure. It is admitted that the local increase in the curvature occurs when the stiffness is locally reduced (i.e. local damage) [24] . Curvatures can be computed using the central-difference formulas [25] :
where h is a constant distance that separates two consecutive nodes [26] . ψ i j , is the mode shape component of the i th coordinate at the j th mode.
Curvature Damage Factor (CDF)
CDF method is derived from MSCM. The main idea of this technique is to average the variations of mode shape curvatures at a given coordinate j with respect to the number of considered modes. The use of several modes enables the detection of damages affecting mode shapes other than that of the fundamental mode and reduces the weight of misleading informations [27] . This method is computed as follows:
where N is the total number of modes. The accuracy of detection and localization depends on the number of measurement nodes. In other words, the more complete the description of the mode shape is, the more accurate the localization of the damaged area is [28] .
Flexibility method
The presence of damage induces stiffness decrease and flexibility Young's modulus (first scenario: 50% of local reduction, second scenario: 25% of local reduction). In the second case, the damage is introduced by a true seismic signal in a nonlinear structural finite element model of the Ophite tower. The purpose of this algorithm is to locate the damaged floor.
Damage detection and localization methods
Here in, we present the detection and localization methods. These techniques are usually applied separately according to desired SHM level. This list is not exhaustive but it represents methods commonly used in civil engineering. The implementation, advantages and disadvantages of each method are detailed.
Damage detection methods
Eigenfrequencies method
During the damaging event, the physical properties of a structure undergo a change inducing a modification of the modal characteristics, particularly, a fall of the eigenfrequencies [11] . Thus, the monitoring of the eigenfrequencies presents a simple method of SHM of mechanical and civil engineering structure [12] . It is easy to implement and is very sensitive to the damage [6] . Widely used, it reflects the behaviour of the structure in its entirety and only satisfies the first level of SHM since no indication of the sensors position is required for its implementation [13] . Eigenfrequencies method can be computed as follows [14] :
The main idea is to compare flexibility matrices of the undamaged and the damaged state:
Where ψ i denotes the i th mode shape, ω i is the i th eigenfrequency and N is the number of modes. Given that the flexibility matrix is inversely proportional to the square of the eigenfrequencies, this matrix converges rapidly with lower modes. Therefore, a good estimation of the flexibility matrix can be established with few lower modes. Generally, the first two modes are sufficient [30] . Each column of F ∆ corresponds to a measurement location. The damage location is deduced from the maximum absolute value of each column γ j [6] :
with j denotes the measuring point coordinate. The main disadvantage of localization methods is that precise results require the fullest identification possible of mode shapes (i.e. a large number of sensors) and the interpretation of results requires knowledge of the boundary conditions [31, 32] .
Algorithm of damage detection and localization
One of the most important issues in structural health monitoring in civil engineering is the definition of a global methodology allowing accurate detection and localization of damages and its integration into an independent monitoring system [33] . Today, there is still no efficient method to satisfy certain requirements such as: precise detection, precise localization and ease of implementation. Despite the fact that they have several limitations, the methods mentioned in the previous section are found to be complementary. That is to say that, by applying these methods in a particular order and by taking into account the SHM level, the computation complexity and the detection and localization conditions, it would be possible to detect and to locate structural damages with accuracy. It's on this terms that we propose a new detection and localization algorithm (Fig. 1) .
This algorithm is divided into two levels: a detection level and a localization level. In the detection level, the eigenfrequency method is applied in the first place for its simplicity and sensitivity. The damage is detected for all variations greater than 5%, in which case, the localization phase is applied. Otherwise, the MAC method is applied. A value lower than 0.8 in the diagonal of the MAC matrix, indicates the presence of damage. In which case, the localization phase is applied. Otherwise, it would be necessary to increase the number of modes. If higher modes are already used and the detection conditions are not satisfied, then the structure is healthy. In the localization phase, CDF, MSCM and flexibility method are applied. Since each method is sensitive to boundary conditions, the position of the damage and its severity, the application of several methods in the localization phase makes it possible to improve the accuracy of localization. If results are scattered or if the variations are null, the number of modes should be increased. Generally localization results are accurate using the first two modes. In order to apply the algorithm, the distance between the measurement nodes, as well as eigenfrequencies and mode shapes of both healthy and damaged state are needed. In real life situations, the dynamic parameters can be identified using Operational Modal Analysis (OMA) techniques: Eigenfrequencies can be identified through the Stochastic Subspace Identification (SSI) method [34] and mode shapes through the FDD method. The algorithm was developed using MATLAB software.
Applications of the damage detection and localization algorithm
The building considered in this study is the Ophite Tower (Fig. 2a) , located in Lourdes, France. It is a reinforced concrete structure composed of 18 storeys, each floor is 2.5 m tall. It was built in 1972 and it is permanently instrumented with 24-channel system and an acquisition station. The building dimensions are: 24 m × 18 m × 50 m. Its external appearance shows no crack. In this work, we used the numerical model of the Ophite tower (Fig. 2b) . The model is realized with Abaqus software. In order to have a reliable model and therefore to obtain consistent results in comparison with the experimental identification results, The modulus of elasticity used corresponds to that of an old reinforced concrete ( = E 19.7 GPa) [10, 35] . The elastic bending, twisting, and fluctuating forces on the structure that may be caused by wind forces, were not taken into account in the numerical simulation.
Generally, conventional seismic analysis practice do not take into account the flexibility of the foundation and adjacent soil and as a consequence, the evaluated seismic performance may be significantly different from that of the actual buildings [36] . Since the purpose of this study is to define the state of health of the structure, the soilstructure interaction has not been taken into account during numerical modelling.
Sensor locations
To detect the damaged floor, at least one information at each floor must be extracted. Given that the structure is composed of 18 storeys, which are 2.5 m tall each, we considered 18 nodes. The positioning of the measurement nodes in the numerical model is different from that of the sensors currently installed in the building. We decided to have one measurement node per floor in order to describe the mode shapes of the structure in the most faithful way possible, to optimize the number of sensors that could be placed and to detect the damaged level. The nodes are equidistant and aligned, allowing a simple calculation of the mode shape curvature method. The distance between two consecutive nodes is of 2.5 m. Given that the minimum number of modes necessary for applying the CDF method and for approximating the flexibility matrix is two, the first two bending modes in the → y direction are used. increase. Thus, the monitoring of the flexibility matrix can be considered as a damage indicator. Under the condition of a mass normalization of mode shapes (ψMψ t = 1), flexibility matrix can be computed using mode shapes and eigenfrequencies as follows [29] :
Experimentally, these two modes can be identified using single-axis sensors.
Artificial damage
Two scenarios of artificial and local damage are considered:
• First scenario: a single floor damage, equivalent to a 50% reduction in the Young's modulus.
• Second scenario: a single floor damage, equivalent to a 25% reduction in the Young's modulus.
The purpose is to evaluate the performance of the algorithm and to place emphasis on the conjunction of the SHM methods, in the case of severe damage and low damage.
First scenario
The damage is introduced at the 8th floor (between node 7 and 9) and having the properties of weakened reinforced concrete (Fig. 3) : the Young's modulus is of 9 GPa, representing about 50% reduction of that of an old reinforced concrete. This reduction corresponds to the elastic modulus reduction of reinforced concrete exposed to fire [37] . The eigenfrequencies (Table 1 ) and the mode shapes (Fig. 4) were extracted from the Abaqus software.
Using the eigenfrequency method, the damage was detected thanks to a reduction of 5.18% in the first bending mode (which is higher than 5%). At this stage, the algorithm detected the damage and MAC method was not triggered. For the localization level, significant variations in the mode shape curvatures have been noted. These variations were located between node 7 and 9 for the first mode (Fig. 5a) , and around the node 9 for the second mode (Fig. 5b ). Variations were also observed using the CDF between node 7 and 9 (Fig. 6 ).
In our case study, the structure is embedded at its base. Therefore, its flexibility increases towards the free end. When the structure is damaged, the flexibility increases particularly in the damaged area. Thus, by applying the flexibility method, the damage is localized at the maximum local increase of flexibility. To detect local increase we introduced the damage index + γ j j
, using Eq. (9), as follows:
where the damage is deduced from the maximum values of + γ j j L , 1 . In Fig. 7a , we noticed sharp increase in flexibility between the nodes 7 and 9. This variation was highlighted in Fig. 7b in which, a maximum variation was noted between the node 8 and 9. Since the algorithm is automated, the locations of most important variations were displayed • Damage is detected around node 7 using MSCM -mode 1/ Check the 7th floor.
• Damage is detected around node 9 using MSCM -mode 2/ Check the 9th floor.
• Damage is detected around node 9 using CDF/ Check the 9th floor.
• Damage is detected around node 8 and 9 using flexibility method/ Check the 8th and the 9th floor.
Second scenario
In the second scenario, the damage was introduced at the same storey (the 8th floor) by a local reduction of 25% of the elastic modulus ( = E 14.77 GPa). In this case, the variation of eigenfrequencies was less than 5%. The damage was detected thanks to the MAC method (Fig. 8) . In fact, the correlation of mode shapes at the 16th mode was not complete which corresponds to = MAC 0.7 16, 16 (a value less than 0.8). Using the first two bending modes, the damage was localized around the nodes 7 and 9. Indeed, it was found that the most important variations of the mode shape curvatures (Fig. 9 ) and their averages (CDF) (Fig. 10) were localized around the nodes 7 and 9. A significant increase of flexibility was noticed between nodes 7 and 8 and nodes 8 and 9 (Fig. 11a) . This local increase is highlighted thanks to the damage index γ L (Fig. 11b) .
Results displayed from the algorithm were:
• Damage is detected around node 7 using MSCM -mode 1/ Check the 7th floor.
• Damage is detected around node 8 using MSCM -mode 2/ Check the 8th floor.
• Damage is detected around node 7 and 8 using flexibility method/ Check the 7th and the 8th floor. In this first simulation, the complementarity of first-level methods has been emphasized and the damage was detected and localized in both cases: weak and severe damage. In order to evaluate the performance of the algorithm in the case of several structural damages we decided to damage the structure with a real seismic signal. The FEM, the seismic load, the simulation results, and the algorithm results are detailed in the following section.
Damage by seismic signal
The 2009 L'Aquila earthquake occurred in the Abruzzo region in central Italy. Its magnitude rises to 6.3 on the moment magnitude scale. Its epicenter was near L'aquila, the capital of Abruzzo region. The capital and the surrounding villages suffered the most damage. The earthquake damaged about 10,000 buildings. Many buildings have also collapsed [38] making this earthquake the deadliest in Italy. The L'Aquila earthquake accelerogram is used in this third numerical simulation test (Fig. 12) . The likelihood that such an earthquake occurs in Lourdes is out of scope. The purpose being to damage the structure, only 10 s of the signal are used to excite the model in the → y direction. The numerical model takes into account the complex and non-linear behaviour of concrete. The recognition of crack patterns is made through the elasto-plastic damage model: Concrete Damage Plasticity (CDP) [35] . This model is governed by the following equation:
where σ is Cauchy stresse tensor, d the scalar stiffness degradation variable, ε the strain tensor, ε pl the plastic strain tensor and D el 0 the undamaged elastic stiffness of the material.
After the seismic event, the model is found to be substantially damaged in the 1st and 8th storey. These damages represent a typical damage pattern of reinforced concrete: first floor failure and mid-floor failure [39] . The most important damage in the building was that of the 1st floor (see Fig. 13 ).
We considered the same 18 measurement nodes as we have previously chosen (Fig. 3) . Only the first two bending modes in the → y direction are used. The eigenfrequencies (Table 2 ) and the mode shapes (Fig. 14) were extracted from Abaqus software.
The seismic signal of L'Aquila earthquake caused degradation of structural stiffness and an important drop of the first bending frequency. Damages were detected thanks to a reduction of 10.63% in the first bending mode frequency (Table 2) . For the localization level, significant variations in the mode shape curvatures have been noted. They were located between node 1 and 2 for the 1st mode ( Fig. 15(a) ). Less important variations were noticed at node 4 and 5. For the 2nd mode, significant variations were abserved between node 1 and 2 ( Fig. 15(b) ). In order to reduce misleading information and to summarize the results for all used modes, the CDF method was applied, in which case, variations were also noted between node 1 and 2 (Fig. 16) .
A sharp increase in flexibility between the node 7 and 9 was noticed in Fig. 17a and highlighted in Fig. 17b by applying the damage index. Using flexibility changes, the damage in the first floor was not detected. This can be explained as follows: Let ζ j be the maximum value of each column j of F u (the undamaged state) (ie = ζ F max | | j i u ). Fig. 18 shows the evolution of flexibility (ζ j ) along the measurement nodes. Since the first floor is close to the embedded part of the building, its flexibility was quite low. Thus the variation of the flexibility matrix was also weak and the damage in the 1st floor was not identified.
In conclusion, the detected damages were around node 1 and 2 (1st and 2nd floor) and node 7 and 8 (7th and 8th floor). Results displayed from the algorithm were:
• Damage is detected around node 2 using MSCM -mode 1/ Check the 2nd floor.
• Damage is detected around node 2 using MSCM -mode 2/ Check the 2nd floor.
• Damage is detected around node 2 using CDF/ Check the 2th floor.
• Damage is detected around node 7 and 8 using flexibility method/ Check the 7th and the 8th floor.
In this third simulation, the complementarity of second-level methods has been emphasized and floors surrounding the damages were detected and localized.
Conclusions
In this study we've developed a new algorithm of damage detection and localization on civil engineering structures. The method is based on traditional techniques like eigenfrequencies method, MAC, MSCM, CDF and flexibility method. Our goal is to propose a simple way to monitor civil engineering structures allowing a clear improvement for SHM. The study carried out allows us to highlight the following conclusions:
• The proposed algorithm is able to detect and localize damages using several SHM techniques in an automatic way.
• It would facilitate and accelerate the definition of repair actions and optimize maintenance expenses.
• Numerical results show a good performance of the algorithm in the first artificial damage scenario (50% reduction of the Young's modulus).
• In the case of less severe damage (second artificial damage, 25% reduction of the Young's modulus), the variation of the eigenfrequencies was very small and the damage was detected by the MAC method at the 16th mode. In a real life situation, this mode is difficult to identify, and the frequency variations found in the lower modes are small and difficult to interpret. The detection conditions are based on what has been reported in the bibliography: a variation greater than 5% of eigenfrequencies or a correlation of mode shapes less than 0.8 are necessary for damage to be detected with confidence. Additional studies are needed to properly define these limits according to the nature of the structure, its age and its boundary conditions, in order to dissociate variations due to damages and variations due to hygrothermal effects.
• In the case of multiple damages resulting from a seismic loading, the complementarity between the localization techniques is highlighted. By applying several methods, damages have been indeed localized.
Further studies need to be conducted to improve the detection and localization. This can be done by:
• defining the optimal number and positioning of nodes.
• analysing the sensitivity of the algorithm with respect to the position of the damage and the measurement direction.
• taking into account the wind forces and the soil properties in the numerical simulation and defining their impact on the dynamic characteristics variations and the degree of damage.
• identifying spurious mode: in a real situation, modes identified by Operational Modal Analysis algorithms may contain spurious frequencies. These frequencies can come from the sensors or the surrounding environment, and can therefore contribute to a false definition of the structure's health. Primary analysis must therefore take place to remove these frequencies.
